The epidermal growth factor receptor (EGFR) regulates cell proliferation in many tissues. A new structure of the Drosophila EGFR presented by Alvarado et al. (2010) reveals an asymmetric dimer with the ligand bound to only one subunit. The structure provides a rationale for the receptor's negative cooperativity and necessitates a reconsideration of models for activation of human EGFR.
The epidermal growth factor receptor (EGFR) regulates cell proliferation in many tissues. A new structure of the Drosophila EGFR presented by Alvarado et al. (2010) reveals an asymmetric dimer with the ligand bound to only one subunit. The structure provides a rationale for the receptor's negative cooperativity and necessitates a reconsideration of models for activation of human EGFR.
If symmetry is beauty, the epidermal growth factor receptor (EGFR) has just lost some of its luster. On the other hand, if asymmetry can reflect a deeper beauty, then the structural and biophysical studies of the Drosophila EGFR reported by Alvarado et al. (2010) in this issue of Cell provide much more to appreciate about this key regulator of cell growth.
EGFR is the founding member of a class of cell-surface receptors known as receptor tyrosine kinases (RTKs) (Lemmon and Schlessinger, 2010) . RTKs consist of an extracellular region that associates with ligand followed by a single helix that traverses the membrane and a tyrosine kinase domain in the cytosol (Figure 1 ). Binding of ligand stabilizes a specific dimeric conformation of the receptor in which the kinase is switched on. Kinase activity then triggers signaling cascades inside the cell that control cell proliferation and differentiation (Holbro and Hynes, 2004; Lemmon and Schlessinger, 2010) . Inappropriate activation of human EGFR and its homologs (collectively known as the ErbB or HER receptors) is thus associated with many types of cancer in humans (Hynes and Lane, 2005) . Antibodies and small molecules directed at the extracellular regions and kinase domains of ErbBs, respectively, are among the most successful drugs in the vanguard of targeted therapies. A full understanding of how ErbB is regulated is thus of great interest to both basic and clinical researchers (Hynes and Lane, 2005) .
In a short period of time beginning 8 years ago, X-ray crystal structures of several functional fragments of human ErbBs were determined, and these structures have tremendously advanced our understanding of ErbB activation (Burgess et al., 2003) . In particular, snapshots of the extracellular region of EGFR in the presence and absence of ligand provided a satisfying rationale for the formation of active, dimeric receptors upon ligand binding. The extracellular regions of human ErbBs consist of four domains (I-IV) ( Figure 1A ). In the absence of ligand, a dimerization loop in domain II is buried between domains II and IV ( Figure 1A ). Ligand binding requires a substantial rearrangement of these extracellular domains, which exposes the dimerization loop and stabilizes the formation of a symmetric and presumably active dimer. In contrast, X-ray crystal structures of the kinase domain of human EGFR (wild-type with no inhibitors bound) revealed a conserved asymmetric contact at the dimer interface ( Figure 1A) . Moreover, this interaction is essential for switching on this receptor (Zhang et al., 2006) , an observation that established a key connection between receptor dimerization and kinase activation.
At this point, our molecular understanding of the activation of EGFR appeared largely settled. However, one nettlesome observation remained difficult to explain-a ''concave-up'' Scatchard plot described over 30 years ago for EGF binding to EGFR. Scatchard analysis is used to determine the dissociation constants of proteins. A ''concave-up'' Scatchard plot has a steep downward slope initially, indicative of high-affinity binding, but then flattens into a shallower slope, characteristic of weaker binding (Lemmon, 2009 ). There are two standard explanations for a ''concave-up'' Scatchard plot, subpopulations of receptors with different affinities for the ligands or negative cooperativity in a system of interacting receptors (e.g., dimers). Multiple studies have found evidence for ligandfree but apparently inactive dimers of EGFR at the cell surface, which could be indicative of either negative cooperativity or multiple states with different affinities for ligand (Lemmon, 2009 ). Pike and colleagues recently addressed this issue by showing that negative cooperativity exists for EGF binding to EGFR on the cell surface (Macdonald and Pike, 2008) . Negative cooperativity means that the binding of ligand to one subunit of a receptor dimer decreases the affinity of the other subunit for ligand. For this to occur, there must be an asymmetry in the interactions between ligand and the two subunits of the receptor dimer. It was therefore difficult to reconcile the negative cooperativity of EGF binding to EGFR with the symmetric ligandreceptor interactions observed in crystal structures of the human EGFR dimer (Burgess et al., 2003) .
In their new study, Alvarado, Lemmon, and colleagues (Alvarado et al., 2010) begin to resolve this paradox by presenting an X-ray crystal structure of the Drosophila EGFR in which the ligand Spitz is tightly bound to only one subunit of the dimer ( Figure 1B) . Moreover, the dimer structure is highly asymmetric, with the extracellular domains of the two receptor subunits adopting significantly different arrangements. Compared with the symmetric dimer of the ligand-free extracellular region of Drosophila EGFR ( Figure 1B) (Alvarado et al., 2009) , the binding of Spitz wedges domains I and III apart and domain II becomes bent. Because domain II contributes the entire dimerization interface between the extracellular regions of Drosophila EGFR, this bending provides a mechanism for one subunit of the dimer to communicate the presence or absence of ligand to the other subunit. In addition, the domain II interface determines the relative positions of the other extracellular domains and provides a mechanism to communicate the presence of ligand across the plasma membrane.
Furthermore, modeling studies by Alvarado et al. suggest that binding of a second ligand to the Drosophila EGFR dimer in the same fashion as the first ligand (i.e., wedging domains I and III apart and bending domain II) would disrupt the favorable domain II contacts between the subunits of the receptor dimer ( Figure 1B) . Thus, the new Alvarado et al. structure illustrates how binding of ligand to Drosophila EGFR both alters the receptor's conformation and disfavors association of a second ligand with the dimer.
So why hasn't a similar asymmetric structure been observed for human EGFR? At least part of the answer seems to be that asymmetry arises from different regions of the human and Drosophila EGFR dimers. Although negative cooperativity is observed when ligands bind to fulllength human EGFR on the cell surface, no negative cooperativity is apparent when ligands interact with fragments of human EGFR lacking the intracellular region (Lemmon, 2009 ). In contrast, Alvarado et al. now show that binding of Spitz to the isolated extracellular region of Drosophila EGFR displays negative cooperativity in solution. Thus, the driving force for asymmetry in EGFR dimers has apparently migrated from the extracellular region in the Drosophila receptor ( Figure 1B ) to the intracellular region in the human receptor ( Figure 1A ). This observation raises several intriguing questions, including how or if asymmetry is preserved in the kinase domains of Drosophila EGFR (or the extracellular regions of human EGFR) and how EGFR asymmetry is communicated across cell membranes.
It is striking that both human and Drosophila EGFRs have retained negative cooperativity in ligand binding, albeit by apparently different mechanisms. Negative cooperativity is not required to regulate kinase activity; thus, what is its value and why is it conserved? Alvarado et al. suggest that negative cooperativity allows EGFR to fine tune responses to varying concentrations of ligand or to ligands with different affinities. In support of this idea, the authors note several instances where EGFR triggers distinct outcomes when activated by different inputs. Such hypotheses suggest that the nature, function, and implications of asymmetries in the EGFR proteins remain fruitful subjects for investigation. For example, could the structural asymmetries of EGFR be targeted in new therapeutic ways (Zhang et al., 2007) ? Hopefully, the next series of revelations about EGFR will prove as gratifying and surprising as those that have come before. The mechanism by which voltage-dependent ion channels sense membrane potentials has been the most intensively studied and debated topic in modern ion channel research. In this issue, Xu et al. (2010) provide new insights into the minimal topological and physicochemical features required for voltage sensing.
Voltage-dependent channels transduce the energy accumulated in the electric field across the membrane into protein motion. They share a common structural blueprint ( Figure 1A ), in which a centrally located pore domain, which is responsible for ion permeation and selectivity, is linked to a peripheral four-helix voltage-sensing domain (VSD) that responds to the size and orientation of the transmembrane electric field (Yellen, 2002) . Although the mechanistic details of how VSDs perform their function are still controversial, a wealth of structural and functional data suggests that the S3 and S4 a helices form a stable hairpin called the paddle motif (Clayton et al., 2008; Long et al., 2007) (Figure 1 ). The S4 helix in particular is thought to move within the electric field and influence channel opening through its interaction with the activation gate (Bezanilla, 2008) . In this issue, Xu et al. (2010) define the minimal features of a functional voltage sensor and show that much of the paddle may be dispensable.
At the physiological resting state, driven by a negative voltage field, the paddle is thought to push on the activation gate, keeping it in its closed conformation. Depolarization (or removal of the electric field) is thought to promote S4 rearrangements within the paddle, easing the conformational bias on the gate and opening the channel. Prior efforts have provided an in-depth understanding of the role of individual residues in the paddle. The current findings by Xu et al. underscore the notion that to probe the sensor's functionality, we need to include the next level of structural organization-the a helix.
They accomplish this through a series of experiments in which parts of the VSD of the Shaker potassium channel are truncated ( Figure 1C ). They remove strategically located residue ''triplets,'' comprising almost full turns of a helices (or a 3 10 helix) in the S3b, linker, and S4 regions and then assess channel behavior. The systematic deletion of individual triplets from the S3b and S4 regions reveals predictable changes in the VSD's ability to sense voltage (the steepness of the conductance versus voltage, or G-V curves) and for the most part produces only marginal shifts in the amount of energy required to move the sensor (the midpoint of the G-V curves).
The authors move on to more radical deletions in the VSD, beginning with the removal of two sequential triplets at a time. Ultimately, all 43 residues comprising the top of the paddle are replaced with one glyine triplet. This deletion removes most of the S3b segment, the entire linker, and a large portion of the S4 segment, including removal of two of the gating charges, arginines 1 and 2 (R1 and R2). Remarkably, even after completing this exercise in molecular minimalism, the sensor still gates effectively (Figure 1) . Removal of the third gating charge (R3) generates a channel that is always open and can no longer gate, suggesting that under the influence of an electric field, the one remaining gating charge (R4) is unable to bias the gate toward its closed conformation. These observations confirm that not all arginines are required for gating (Gagnon and Bezanilla, 2009 ).
Extending these findings, the authors probe the chemical and topological requirements for the hydrophobic residues between the conserved gating charges. First, by varying the length of the hydrophobic ''connectors,'' they conclude that two residues is the optimal length for VSD function. This is not surprising, given that it is the only arrangement observed in nature. More importantly, by mutating all residues between the gating charges to a single type of amino acid, the authors estimate the
